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Abstract

An extension of the stoichiometric displacement (SD) model for the ion-exchange adsorption of dilute proteins is developed which accounts
for the effects of hydrogen ion Donnan equilibrium on the protein charge. The ability of the new model to fit retention data when the fluid phase
pH is near the proteini@and the effects of hydrogen ion Donnan equilibrium are important is examined using four different proteins and four
different column packings. The results indicate that the model is able to fit retention data using values for thel@natkimgchange in protein
charge with pH at thelpi.e., (dZdpH),,, that are significantly closer to the values of these parameters determined by isoelectric focusing and
acid—base titrametry in free solution, respectively, as compared to the values obtained by determining the characteristic binding change as a
function of pH using the traditional stoichiometric displacement model. This suggests that when the fluid phase pH is near thie gnatgia p
regulationis animportant cause of the discrepancy between the electrical charge of a protein in free solution and the characteristic binding charge
from the stoichiometric displacement model. The results also indicate that for the case where the fluid phase pH is near thetheotew p
model accounts for the effect of charge regulation during protein ion-exchange adsorption more accurately than previous models in the literature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing ion-exchange chromatograpf8;14,15] In addition, it
has been reported that the optimal resolution between two

The net charge on a polyelectrolyte depends not only on proteins when using ion-exchange chromatography with salt
the pH and ionic strength of the surrounding fluid, but also gradient elution is often achieved when the fluid phase pH
on the proximity of the polyelectrolyte to other charged sur- is near the proteinlgf16]. The effects of the change in pro-
faces. The last effect, which is generally termed “charge tein charge caused by adsorption are likely to be particularly
regulation,” results from electrostatic interactions between important under these conditions since the relative change
the charged surface and the ionogenic functional groups onin protein net charge is largest when the fluid phase pH and
the polyelectrolytd1-5]. Although many models of protein  the protein p are similar in value. Furthermore, when a pH
ion-exchange equilibrium have been described in the liter- gradient is used for eluting proteins in ion-exchange chro-
ature[6-11], only the models of Sluyterman and Elgersma matography, such as in the technique of chromatofocusing,
[12] and Stahlberg and Jonssr8] account specifically for ~ accounting for the change in protein charge caused by ad-
the change in the protein charge caused by electrostatic in-sorption may also be important since proteins generally elute
teractions with the adsorbent surface. The scarcity of pre- near their p in these types of processes.
vious efforts to theoretically model this case is surprising  Two basic approaches are possible to account for the
since a number of references have discussed the importancehange in protein charge caused by adsorption onto a
of the change in protein charge caused by adsorption dur-charged surface. As described by Stahlberg and Jonsson

[13], one approach consists of using a colloidal model based
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effect produced by the adsorbent on the standard free en-and the widely used stoichiometric displacement (SD) model
ergy of dissociation of the ionogenic groups on the protein. [6] for the case where the fluid phase pH is near the pro-
This first approach can also be interpreted as using the localtein p. Although there are many data reported for the iso-
pH in the electrical double layer determined employing a cratic elution of proteins in ion-exchange chromatography
Boltzmann distribution for the hydrogen ions, as opposed [7,8,11,18-2Q]these data are usually obtained over a large
to using the pH in the bulk fluid, for the purpose of cal- pH range of much more than one pH unit so that only a
culating the degree of dissociation of an ionogenic group limited amount of data exists near the protelnahere the
on the protein. The second basic approach is illustrated byeffects of charge regulation are likely to be important. In
the model of Sluyterman and Elgersifd&] and consists of  addition, due to the fact that a broad pH range was utilized,
using a non-colloidal model where the adsorbed phase ismany previous studies have employed a different buffering
visualized as being uniform in composition, and the macro- species in different pH ranges which, according to some in-
scopic laws of thermodynamics are then applied so that vestigators, can influence the adsorption equilibrium behav-
changes in protein charge due to adsorption are accountingor [21]. In the present study, one set of experiments utiliz-
for using the pH difference between the adsorbed and fluid ing only one buffering species will be carried out for each
phases caused by hydrogen ion Donnan equilibrium. combination of protein and column packing, and all the data
Although the models developed by Stahlberg and Jonssonwill be obtained in a narrow pH interval near the protein p
[13] and Sluyterman and Elgersni?] are reasonable de-  which should facilitate comparisons between data and the-
scriptions of charge regulation during protein ion-exchange ory for the case of interest here where the pH and protein
adsorption, the specific results obtained by these workerspl are close in value.
have limited uses in practice. In particular, the analytical ap-
proximation developed by Stahlberg and Jonsson does not
apply to the case of most interest when considering protein 2. Theory
charge regulation, which is the case when the fluid phase
pH is near the proteinlpSimilarly, although the analytical 2.1. Stoichiometic displacement model
result of Sluyterman and Elgersma does apply to this case
and is algebraically simple, it is limited in accuracy when  The most widely used model for protein ion-exchange
fitting experimental data, as shown later. adsorption is the stoichiometric displacement model, which
The purpose of the present study is to develop a modelis based on the application of mass-action equilibrium to
describing charge regulation for the ion-exchange adsorp-an adsorbed phase that is assumed uniform in composition
tion of a dilute protein which is simple enough for routine [6]. Although the SD model is relatively simple and does
use in data fitting and chromatographic process design,not account for protein charge regulation, it is nevertheless
but which nevertheless describes the phenomena involveda useful base case to which more complex models can be
with reasonable accuracy. To achieve this, a non-colloidal, compared. For the case of a dilute protein adsorbing onto
macroscopic model will be employed which is related to an anion exchanger with the chloride ion as the counterion,
the model of Sluyterman and Elgersifi2], but where the the SD model leads to:
most restrictive assumptions employed by Sluyterman and dor- \°
Elgersma are eliminated. Although, as an alternative, an Kd = Kg (C_> 1)
improved version of the colloidal model of Stahlberg and c
Jonssor{13] could also be developed, in practice colloidal where the distribution coefficienky, is defined to be the
models tend to be prohibitively complex for routine use. ratio of the protein concentration in the adsorbed and fluid
Furthermore, as shown by Overbegk7], non-colloidal phasesgc- is the chloride ion concentration in the ad-
models for the adsorption of ions onto a charged surface sorbed phase, which is equivalent to the concentration of
represent the corresponding colloidal model asymptotically ion-exchange functional groups in the adsorbent if the pro-
in the limit where the dimensionless potential energy of tein is dilute, andg is a constant.
the adsorbed ion on the surface (i.B-ys/RT) becomes
small compared to unity. This asymptotic relationship tends 2.2. Model of Suyterman and Elgersma
to ensure that non-colloidal models of protein charge reg-
ulation, if properly formulated, will represent the actual As mentioned above, one model which makes an
behavior with acceptable accuracy, particularly for the case attempt—albeit highly simplified—to account for charge
considered here where the pH is near the protéiang the regulation during protein ion-exchange adsorption is the
protein net charge (i.e2) is not large. model developed by Sluyterman and Elgersfha]. The
In addition to developing a model that accounts for the starting point for this model is to visualize the protein as
change in protein charge during ion-exchange adsorption,potentially existing in the three charge statek, 0, and—1,
another goal of the present study is to test experimentally as described by the two acid—base equilibrium constants
the new model developed here, the model of Sluyterman andK; andK5. Since for this case the protein isoelectric point
Elgersma[12], the model of Stahlberg and Jonssdm3], is given by the average ofa and K2, and incorporating
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an expression for hydrogen ion Donnan equilibrium, the sections that follow, it will be shown that a more rigorous
following relation can be developed for the case where the theory that accounts for these effects can be developed and
uncharged protein has a distribution coefficient of unity: used to fit experimental data more consistently thgn(5)

pl’ —pl = —A% 2 2.3. Model of Stdhlberg and Jonsson
In Eq. (2) pl is the isoelectric point of the protein)’ps To account for charge regulation during protein ion-ex-

the pH where the distribution coefficient accounting for all change adsorption, Stahlberg and Jonsg@) employed
three charged forms of the protein is unity, apds the 3 colloidal model in which the adsorbed phase is repre-
dimensionless Donnan potential as defineéttion 2.4.2  sented as an electrical double layer, and the linearized
After first developing=g. (2) Sluyterman and Elgersmanext  Poisson-Boltzmann equation is used to describe the elec-
appear to abandon the depiction of the protein as exhibiting trostatic interactions between the protein and the adsorbent
three charge states by using the follow relation based on thesurface. To simplify the mathematical development, the
Boltzmann distribution which assumes that the protein has protein and the adsorbent surface were represented as flat
a single charge state and is distributed between two phasegharged plates oriented parallel to each other, and the charge
of uniform, but different, electric potential: densities of the surfaces representing both the protein and
IN(Kq) = —z 3) the .adsorbent were assumed to depend on the electric po-
tential at those surfaces. For the case where the charge
In Eq. (3) Kq is the distribution coefficient and is the density on the adsorbent surface is larger than that on the
charge on the protein. If it is further assumed that the protein protein surface, the minimum free energy of the system

charge is a linear function of pH, thétg. (3)leads to when the distance between the protein and surface is varied
dz was shown to be
In(Ke) = —¢ o PH—PD) @ AGm o2 ©

Ap 1-B
Combining Egs. (2) and (4Yo eliminate p' leads to the P ’fgogr( ) | | |
main result of Sluyterman and Elgersii2], which can be whereoyp, is the charge density on the protein surface in the

written as: bulk fluid andB is given by
dz ) [ ¢ } 2F2 dz
IN(Kg) = —¢ | —— H—p)+ — 5 B = = 7
(Ko ¢<de (PH =P 4.6 ®) keoer ASRT In(10) dpH 0

In the final expression developed by Sluyterman and El- |f the free energy minimum given bfq. (6) is used to

gersma, the pH iieq. (5)was interpreted to be the apparent evaluate the distribution coefficient, the result can be written
isoelectric point observed in chromatofocusing, denoted asas

plapp due to the fact that in chromatofocusing the protein

travels through the column at a fixed pH and fluid phase |5/ — opAp 1 +In(P)

composition. Furthermore, for the case of chromatofocusing F(2RTeoer)Y2(1 — B) /1

the distribution coefficienty, can be equated to the ratio 1352

of the buffering capacities in the adsorbed and fluid phases, = A-BAsVi +In(P) (8)

which is a function of pH, to arrive at a final expression
which relates the apparent isoelectric point to properties of wherek' is the retention factoR is the phase ratio, armis
the protein, column packing, and fluid phase. the net charge on the protein in the bulk fluidHq. (8) the
Although Eq. (5)is a simple means to represent protein second equality results from substituting numerical values
adsorption equilibrium, the derivation just given illustrates for the physical constants appearing on the right side of the
several of its deficiencies. In particular, it does not account first equality, and from assuming that the protein surface area
for the change in the distribution among the charge states ofinteracting with the adsorbent is one half the total protein
a protein upon adsorption. It also assumes the distribution surface area.
coefficient for an uncharged protein is unity, so that it does  Although the model of Stahlberg and JonsgaB] ac-
not account properly for nonelectrostatic contributions to counts for protein charge regulation in a consistent manner, it
adsorption, such as the contribution of hydrophobic interac- is apparent thatg. (8)cannot be used to predict the amount
tions. In addition, it does not account for a nonlinear relation adsorbed when the protein in the bulk fluid is uncharged,
between the protein charge and pH. Finally, since each ion-i.e., whenz = 0. Since the adsorption of proteins onto an
izable functional group on the protein is titrated in a range of ion-exchange adsorbent when the protein is uncharged in
approximately one pH unit, the use in the model of just three the bulk fluid is commonly observed in practi§g], this
charge states implies that whea /dpH)p; > 3 the model implies that, as noted by Stahlberg and Jonsson, the above
is being extrapolated into a range where the correspondingmodel does not adequately describe protein adsorption when
values forK; andK; are not positive real numbers. In the the fluid phase pH is near the proteih purthermore, even
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when the full numerical result of Stahlberg and Jénsson is
used, the case where the fluid phase pH is near the protein
pl can only be accounted for when the charge density on the M [}K ﬂm [}K

LRaads Ll Pads .. -

m K K, -m
P Pl P0+mH+ P2 P +2mH+

adsorbent surface is small due to limitations in the linearized  jomed T 7 77
form of the Poisson—Boltzmann equation used in the model. ~ Phs¢
m KP! sz -m
) ) P e P H =2 P yomH
2.4. New theory for protein charge regulation based on

hydrogen ion Donnan equilibrium Fig. 1. llustration of the multiple charge-state model for protein
ion-exchange equilibrium. The dotted arrow denotes a closed equilibrium

24.1. General considerations loop between neighboring protein charge forms.

In the theory presented here, the adsorbed phase, which
is defined to be the phase containing the adsorbed eluites, Although in the visualization just described the polyelec-
is envisioned as being uniform in composition and electri- trolyte under consideration, and hence its properties such as
cal potential and as being three-dimensional, with one of the @, and the change in average charge with pH at the p
the three dimensions being very thin. Since many column (dz/dpH),;, correspond to the entire protein, an alternative
packings consist of an inert base material onto which the interpretation can also be given that the polyelectrolyte un-
functional groups responsible for adsorption are chemically der consideration corresponds to a specific charged region on
bonded, the adsorbed phase will generally constitute only the surface of the protein that is responsible for adsorption.
a fraction of the total solid material in the column. To de-
scribe the electrostatic interactions between the protein and2.4.2. Multiple charge-state model
the column packing, the protein is represented as a dilute Inorderto develop a model where the protein can have any
polyelectrolyte which behaves like a point charge as it dis- arbitrary charge, but where for mathematical simplicity there
tributes between the fluid and adsorbed phases. The descripare only three charged forms to account for, an approximate
tion of the electrostatic interactions used here is therefore n charge-state model will be introduced where the three
equivalent to that used by Albertssf#2] and Haynes etal.  representative charged states are presumed te-rbeO0,

[23] to describe the partitioning of a protein between two andm, which are the maximum negative charge state, the
immiscible aqueous liquid phases, and by Sassi €@4]. uncharged state, and maximum positive charge state of the
to describe the partitioning of a protein between an aqueousprotein, respectively, as illustrated kig. 1 It follows that
liquid phase and a charged hydrogel, except that these previthe total number of charged states,is related tom by

ous studies did not account for hydrogen ion Donnan equi- the relationn = 2m + 1. Although a selection of charged
librium. Each ionogenic group on the protein is assumed to forms symmetrically distributed around the uncharged form
ionize according to an acid-base equilibrium constant that is assumed, the following relations can also be extended to
remains fixed and independent of the total protein charge the case where this is not true.

so that the proportions of the protein that exist in the vari-  To simplify the mathematical development, it is assumed
ous possible charged forms can be determined by extendinghat the protein isoelectric point is the same in the fluid
the Henderson—Hasselbalch equatj@h] to the case of a  and adsorbed phases, and correspondingly it is assumed that
molecule with several ionogenic groups. the equilibrium constant for the acid—base reaction for a

In representing phase equilibrium, it is assumed that the particular pair of charged states shownFig. 1is also the
electrochemical potential difference between two phasessame inthese two phases. Acid—base equilibrium for-ttme
for each charged form (or, equivalently, the Boltzmann dis- 0, andm charged states in the liquid phase can be written
tribution of each charge form between regions of different using these constants as:
electrical potential) can be written in terms of the concen-

m
tration and electrical potential energy of each charged form kp; = Chi+ Ceo 9)
in the two phases, analogous to how these quantities would Cpr
be written for a mixture of chemically distinct species Cr, Cpon
[22-24] It is also assumed that the species constituting the Kp,2 = Coo (10)

buffer and eluting salt do not bind specifically to the pro-
tein, or at least that the number of bound ions is fixed and with an equivalent set of expressions applying to the
not a function of pH or ionic strength, so that the protein adsorbed-phase acid—base equilibrium. The concentration
net charge is completely determined by the pH in its local of the —m, 0, andm charged forms in the fluid phase, as-
environment and the properties of the ionizable groups on suming these are the only forms that exist, can be expressed
the protein. In general, the binding of small ions to proteins according to the following extensions to the Henderson—

is minimal near the protein isoelectric poidi8,26], which Hasselbalch equations baseds. (9) and (10)
is the region of primary interest in the present study, so that 2
. . . S CpCam
the assumption of negligible small ion binding is expected .~ _ H (11)

L pr =
to be a reasonable approximation. Cﬁ’:’_ + prlc’;;+ + Kp1Kp2
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CpKp1CYyy In Egs. (18)—(22)the superscripk denotes an equilibrium
Cro =, m (12) value andK; agsrepresents the interphase adsorption equilib-
Cit + Kp1Cly + Kp1Kp2 : ’ : :
rium constant which accounts for nonelectrostatic phenom-
Com — CpKp1Kp2 13 ena such as hydrophobic interactions, size exclusion effects,
P = Cﬁ"i + Kp1Cl', + Kp1Kp2 (13) and osmostic pressure e'ffet[:ls7,24'] .
If the general equilibrium relations for protein adsorp-
whereCp = Cpn + Cpo + Cp-n. N tion are considered as shownig. 1, it can be seen that
The reasonableness of using the model showhign 1 since the acid—base dissociation constts andKp » are

to represent the protein charge follows from the fact that assumed to be the same in the fluid and adsorbed phases,
Egs. (11)-(13)yield an average charge for the protein in it follows that the adsorption equilibrium constants for the
close agreement to the average charge determined from rigthree charged forms as expresseétis. (18)—(20)re also
orously accounting for acid—base equilibrium between all of equal and can be represented by the single conkiagis

the possiblen charged forms if the dissociation constants j.e., Kp-m ggs = Ko a9s = Kpn ads= Kp,ads This assump-

for then charged forms are not too dissimilar, andi 1 is tion also leads to the conclusion that the three charged forms
equated to the product of the dissociation constants involv- of the protein would have the same distribution coefficients
ing them — 1 negatively charged forms of the protein, and f the adsorbent was uncharged . = Cy+. Although

Kp2 is equated to the product of the dissociation constants this assumption is convenient in order to simplify the math-
involving them — 1 positively charged forms of the protein.  ematics, it may not always accurately represent the actual
However, if the dissociation constants for all theharged  behavior since certain nonelectrostatic interactions, such as
forms of the protein are assumed to be similar in value, it hydrophobic interactions, may depend on the protein charge
follows that the relations given in this section only apply state. Note finally that the electrically neutral ion combina-

accurately in a narrow pH region near the protelin p tions in Egs. (18)—(22)are formed using the Hion, and
By using Egs. (11)—(13) the @ and the value of  thatEq. (22)accounts for Donnan uptake of co-ion into the
(dz/dpH)y; for the protein can be expressed in term&gf adsorbed phase, which may become a factor at high salt
andKp > as follows: concentrations.
In(Kp 1Kp.2) For convenience when fitting experimental data it is use-
pl = —m (14) ful to develop a functional relation between the Donnan po-
tential and the pH by assuming the existence of a single
< dz ) 2 In(10)m? (15) ionogenic functional group on the column packing having a
dnH =T T T Lo dissociation constant dfr. Acid—base equilibrium involv-
dpH/ o Kp1/Kp2+2 ing this group can then be expressed as:
Solving Egs. (14) and (15for Kp,1 andKp 2 yields: GH+qR
m2In(10) R = K+ qn+ (23)
Kp1=—2x10""P [— } (16)
’ (dz/dpH)p; wheregr andgr+ are the total concentration of the func-
107" P! (dz/dpH)ps tional group and the concenFration of the charged form of
Kpo=— > a7 the functional group, respectively.
2[m2In(10) + (dz/dpH)p/] If the concentrations of the Hand OH- ions in the ad-
According to Overbeekl7] and Newmar{27], the chemi- sorbed phase are assumed to be small, then the electroneu-

cal potentials of an electrically neutral combination of ions trality condition in that phase including the effect of co-ion
in two phases in equilibrium are equal. Consequently, for UPtake can be expressed as:

the case of a protein adsorbing onto an anion—exchange ad—qw +qNat —4c- =0 (24)
sorbent where Cl and N& are the counterion and co-ion,

respectively, adsorption equilibrium can be expressed usinglf, in addition, the hydrogen ion is taken as the so-called “po-
the following relations, which are extensions of relations tential determining ion” so that the dimensionless Donnan
used by Strong and Fré28] for the case of a protein having  potential g, can be identified with the quasi-electrostatic po-

a single charge state: tential described by Sassi et@4] and Newmarf27], theng

—m _ can be equated to ((O'y+/gn+)), andEgs. (21)—(24Yyield:
qﬁﬁman = KP’”,adsCPmCHJY:1 (18) 4 4

CNat Knat,ads Ch+qr
¥ =K 19 Co- K- ags€X - — =

dro P, ad<Lpo (19) ci- Kci-,ads®XP(¢) ) Kroxp(@) + Cror
q#ﬁ—mqa’i = Kp-n adlp-m CnH1+ (20) (25)
a¢-9n+ = Ko aaler- Ch+ (21) Eq. (25)is a cubic equation for the Donnan potential, and can

be solved either analytically or numerically for this quantity.
Ghardt = Knar adlnat Crpt (22)  If either Kyt ags= O (i.e., Donnan uptake of co-ion is ab-
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sent) or if Kg is large (i.e., the column packing is a strong- A final aspect ofEqg. (29) as well asEg. (25) is that
base ion exchanger), théfg. (25)is a quadratic equation  the activity coefficients which account for thermodynami-
which can be solved explicitly for the Donnan potential. cally nonideal behavior are incorporated into the interphase

If the Donnan potential is incorporated iriEgs. (18)—(20) adsorption equilibrium constants. This implies that the pH
the concentration of each charged form of the protein in the in Eq. (29) is given by —log(Cn+), whereas pH values
adsorbed phase can be further expressed as: measured using a standard pH electrode are equivalent to
—log(ay+), whereay+ is the activity of the hydrogen ion.

ko __ —m

Gon = KP.adCP €XNP) (26) These two quantities differ by the amourlbg(y,+), where

0" = Kpadlpo 27) yu+ IS the activity coefficient of the hydrogen ion. Accord-
PO ’ ing to Newman[27], yy+ varies from a minimum of 0.8

q,., = KpadCp-n €Xp()" (28) at an ionic strength of 0.25M to unity at ionic strengths

of 0 and 2 M. The average deviation between the values of
It can be seen that the preceding development is equivalent—|og(Cy+) and —log(ay+) in the range of ionic strengths
to assuming a Boltzmann distribution for each charged form employed in the present study is therefore expected to be
using the Donnan potential to define the energy states.  approximately—log(0.9) or 0.1, which is also expected to
For the case of a protein having multiple charged forms, pe the approximate error in thé palues determined by fit-
the distribution coefficient{q, is defined as the ratio of the  ting Eq. (29)to experimental data i-log(ay+) is used for
total of the individual protein forms in the adsorbed phase the pH in that equation. Use of pH values measured with
per unit volume of that phase to the same quantity in the a pH electrode irEq. (29)is therefore considered to be an

fluid phase. Consequently, by combinigs. (11)—(13) and  acceptable approximation in the present study.
(26)—(28) Kq can be expressed as:

(29)

— 10" PI-PH exp(—md))2 — 210nPI-PH) gy —
Kd=Kp,adseXp(m¢)[(dz/de)p’(l 10" exp(—m¢))? — 2 In(10)m210" exp( m¢)j|

(dz/dpH)ps (1 — 10m(PI=PH))2 — 2|n(10)m2107PI-PH)

Eqg. (29)can also be solved explicitly for the fluid phase pH,

although the final form of the solution is too lengthy to be 2:4.3. Relation between equilibrium parameters and eluite
reported here. Nevertheless, this alternative formaqf(29) transit times

can be applied to chromatofocusing in a manner similar to  According to a material balance, the transit time for a
Eq. (5) AlthoughEq. (29)was developed assuming that ~ retained eluite can be expressed as foll§28:

is an integer, when fitting experimental data it is convenient _ ( L ) [1+ 1 “)5 N f(l a)(l—¢) Kd] 31)

to allow mto have non-integer values. In cases wheris
a non-integer number it will nevertheless be assumed that ) ) ) )
the number of charge states between andmis still given whereL is the column lengthyquig is the linear fluid ve-

by 2m + 1, and consequently may also be a non-integer locity, « and e are the interparticle and intraparticle void
number. ’ volumes, respectively, anlg is the equilibrium mass of

When applyingEq. (29)it is useful to recognize several protein adsorbed per unit volume of the actual adsorbed

aspects of that equation. One aspect is aapproaches phase divided by the concentration of protein in the fluid
a finite limit as the fluid phase pH becomes large so that Phase. The parametein Eq. (31)accounts for the fact that

a single charged form exists in both the fluid and adsorbed the adsorbed phase occupies only a fraction of the entire

Vfluid

phases, i.e., solid material constituting the column packing. The need
" for this parameter results from the fact that certain other pa-
M (Ka) = Kp adseXpme) = Kp,ads (q(:;) (30) rameters used in t_he relations in the.prewous section, such
pH— 00 ' K”Cﬂ,’ads Cor- as the hydrogen ion concentration in the adsorbed phase

used inEqgs. (18)-(22) need to reflect the true concentra-
where the second equality follows frofg. (21)and the  tion of a species, as opposed to the mass of that species
term on the far right side d&q. (30)has the same formasthe  per unit volume of the total solid material or per unit vol-
SD model discussed previously. Furthermore, by comparing yme of column. For example, if the quantity of functional
Eq. (29)and first equality irEq. (30) it follows thatEq. (29)  groups R per unit volume of columng ¢, is known, then
is an extension of the SD model to the case where hydrogenthe quantity of these functional groups per unit volume of

ion Donnan equilibrium affects the protein charge, with the adsorbed phaser, as used irEq. (23)is given by:
quantity in square bracketslity. (29)being the factor which AR col
,COl

corrects the SD model for this effect. Another aspect of gr = >

Eqg. (29)is that the maximum absolute value ofzfgpH),, nDI(1— )1~ )
for a given value omresults wherkKp 1 = Kp 2, as can be  The timetg is defined to be the time needed for an unretained
seen fromEq. (15) in which case this maximum value is eluite to travel through the column, and for ion-exchange
given by —2 n?In(10)/3. chromatography this quantity is usually determined at high

(32)
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salt concentrations. In practice, however, it may be difficult, 1-methylpiperzaine and 1,4-dimethylpiperazine were ob-
or even impossible, to select a salt concentration to ensuretained from Aldrich (Milwaukee, WI, USA). All buffer
thatKq is identically zero due to the presence of hydropho- solutions were prepared using distilled water and were de-
bic interactions between the protein and column packing at gassed by vacuum filtering using a 47 mm diameter nylon
high salt concentrations. In addition, even if hydrophobic membrane filter with 0.2m pores (Whatman, Clifton, NJ,
interactions are assumed absent, the fact that Donnan uptak&SA). Each injection sample was dissolved into the elution
of co-ion into the adsorbed phase as describedpy(22) buffer and filtered with a PVDF syringe driven filter with

is included in the model used here implies that a non-zero 0.22um pore size (Millipore, Bedford, MA, USA).

value forKq is predicted theoretically as the salt concen-  The columns used were a&0.5cm i.d. Mono Q HR 5/5
tration becomes large. Consequently, a reasonably high salstrong-base anion-exchange column anda @5cm i.d.
concentration can be selected to determine a working valueMono P HR 5/5 weak-base anion-exchange column, both ob-
of tp which corresponds to a presumably small distribution tained from Amersham Biosciences (Piscataway, NJ, USA).

coefficient, denoted here &5 ns. The relation betweemy According to the manufacturer, the ionic capacity of these
andKg nhs then becomes: two columns are 324 0.05 and 018 4 0.03 mol/column,
. 1 1 1 respectively.
o= ( )[1+ ( Ol)e~l-f( Gl 8)Kd,hs] ,
Vfluid a o 3.2. Equipment
(33)

Isocratic experiments were performed using an Ultimate
HPLC instrument (LC Packings, San Francisco, CA, USA),
with a bypass cartridge supplying flow rates from 20@nin
to 1.0 ml/min, a 6-port low-dispersion injection valve with a
20pl sample loop for manual sample injection, and a con-
ventional UZ-view flow cell with 1Qul volume for UV de-

. . ' i tection. The flow rate in the experiments was controlled at

The retention factok' is defined as: 0.5 ml/min, and the column effluent was monitored at both
W= 1T (34) 280 and 415nm.

fo The UZ-view flow cell was connected to a PVDF |50

wheret is the measured transit time of a retained eluite internal volume flow cell matched with a 450CD pH elec-
corrected for the extra-column volumigs. (31), (33) and  trode (Sensorex, Garden Grove, CA, USA) so that the pH of

whererg = 1y — p, tm IS the measured transit time under
high salt conditions anth is the time associated with the
extra-column volume. In cases whekg ns and the inter-
particle void volumeg, are known or can be reliably esti-
mated,Eq. (33)can be used to determine the intraparticle
void volume, e, from measurements .

(34) can be combined to yield: the column effluent could pe directly mgasured. To increase
F(1— @)1 — £)(Kg — Kano) the accuracy of the experiments, the directly measured pH
/= NS (35) of the effluent, not the pH of elution buffer, was used in
(1 —fKqhe + (1 — )e(L — fKahs) + fKans Eqg. (29)when comparing theory and experiments. Digital
For the case wher¢ = 1 andKqns = 0, Eq. (35)reduces ~ PH signals were formed within a series network composed
to: of a pH electrode, an Orion 520A pH meter (Orion, Beverly,
. (1-a)1—e)Kqg MA, USA), and a WellChrom interface box V7566 Version
= = PKyq (36) 0696. These signals were then relayed through the inter-
at(l-ae face box into the Ultimate instrument, so that pH and UV
Although for the sake of completeness the paramiégis absorbance data could be collected simultaneously by the

has been introduced into the above equations, and althougltcomputer every 2s. The pH meter and electrode were cali-
this parameter is expected to be non-zero in certain casesbrated each time before the experiments at a given pH, and
for the particular cases investigated in the present study itthe same pH probe was used for measuring both the elution
was determined that good agreement between experimentabuffer pH and column effluent pH. All the chromatography
data and predictions frogq. (29)could be obtained with  experiments were controlled by the Ultichrom software ver-
this parameter neglected. sion 3.1.

3.3. Procedures
3. Experimental methods
Isocratic experiments were performed in a narrow pH
3.1. Materials and columns range around the Ipvalue of each protein for both the
strong-base and weak-base ion-exchange columns. For each
Myoglobin from horse heart ang-lactoglobulin A from buffer system at a certain fixed pH, the protein was eluted
bovine milk were products M 1882 and M 7880 obtained using a series of increasing salt concentrations, which
from Sigma (St. Louis, MO, USA). Triethanolamine, trisma were made by setting different ratios of the two elution
base, NaCl and HCI were also obtained from Sigma, and buffers A and B. In the case of myoglobin on the Mono
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Q column, buffer A was 10mM triethanolamine, buffer Table 1

B was 10 mM triethanolamine with 0.5 M NaCl. and both Comparison of the parameters obtained by fitting experimental isocratic
. . ' data for myoglobing-lactoglobulin A on the Mono Q column for several

buffers were titrated with 1N HCI to reach Fhe pH. value§ theories

of 8.6, 8.2, 7.7, 7.4 and 7.2 for each series of isocratic

experiments. In the case of myoglobin on the Mono P M°d® Myoglobin p-Lactoglobulin A
column, buffer A was 10mM trisma base, buffer B was pl  (dzZdpH); pl  (dzZdpH)y
10 mM trisma base with 0.5 M NaCl, and both buffers were gp model 6.1 —0.85 39 _46
titrated with 1IN HCI to reach the pH values of 8.5, 8.0 stahiberg and Jénsson 6.3-3.1 43 -147
and 7.5 for each series of isocratic experiments. In the Sluyterman and Elgersma ~ 8.6-0.30 50 -39
case ofg-lactoglobulin A on the Mono Q column, buffer  Multiple charge-state model = 7.7 —1.3 49 -90

A was 10mM 1-methylpiperazine, buffer B was 10 mM Isoelectric focusing or 73 -16 51 -98

1-methylpiperazine with 0.5 M NacCl, and both buffers were __acid-base titrametry

titrated with 1 N HCl to reach the pH values of 5.9, 5.5, 5.2, Parameters for the multiple charge-state model wete0.4, Kyat ads=
4.7, 4.6, and 4.4 for each series of isocratic experiments. Ing'sgcg.adsz_ld‘glég/ ’ a;‘r‘]’dq% Tlg-/i% :rfsofingo;’z . ﬁ;:glig?n
the case OB-IaCtOglopu“n A or_1 the Mono P column, buffer and/,S—I;é?gsg]Iobulin A, respectivel;y/. The fitted parameters indicated apply
A was 10mM 1,4-dimethylpiperazine, and buffer B was for f ranging from 0.1 to 1.0. The titrametric value ofzZidpH),; for

10 mM 1,4-dimethylpiperazine with 0.5M NaCl, and both myoglobin was calculated usingKp values for the residue side chains
buffers were titrated with 1N HCI to reach the pH values of and the terminal amino and carboxyl groups given by Stigéj. The
5.2, 5.0, 4.8, 4.7 and 4.5 for each series of isocratic exper-°ther values for pand (d/dpH),; are experimental resulf,30,31]
iments. The columns were presaturated with elution buffer ] o

for at least 1h at 0.5ml/min at the start of the experiment AN approximate value df which is the volume of the ad-

and each data point was repeated twice. sorbed phase per unit volume of the solid material in the col-
umn, was estimated from the maximum adsorption capacity
3.4. Data analysis of the Mono Q column for human albumin of 65 mg/ml, as

given by the column manufactur§d?]. Using the values

Data obtained by the Ultichrom software were transferred Of « ande¢ stated above, and a density of human albumin
to text files and further analyzed in MS Excel. The tran- ©Of 1.25g/ml, the volume of protein adsorbed under satura-
sit ime was taken to be the time for the appearance of thelion conditions per unit volume of solid material is approx-
peak maximum. The best fitting values of parametdrs p imately 0.2, which can also be taken as an approximation
(dzZ/dpH)or, Kp.ads Kci- ags @Nd K gt agsWere determined for f. However, in fitting the retention data to the model it
by minimizing the sum of the squared residuals between Was determined that only the paramet€épgasandK gy~ ads
the logarithms of measured values and the model calcu- Were sensitive to the value éf while the fitted values of
lations. The values of the Donnan potential were calculated

numerically as described Bection 2 1
O
& O
4. Fitting experimental results to the multiple 92
charge-state model ol 8.6 e
- f>/ av%
4.1. Results using the Mono Q column < 8.2 e A A .
22 (A qn D/ d O
Table 1andFigs. 2 and 3Jllustrate the fitting of exper- < & g/ A 6V,
imental retention data for myoglobin angilactoglobulin at ;\S\U//V/6 Pt
A obtained on the Mono Q column to the approximate oo w9 v 20
charge-state model. To perform the calculations shown for 2 8- 79
the model, the value a@jr given by the column manufacturer -2 -V’:_ 53\/0/ 7.2
of 0.32 mol/cn? was assumed. In addition, by determining ANe] 74
the retention timey for an unadsorbed eluite, and by assum- -2 0 oj5 1 wj5 2 25
ing a = 0.4, the value ofe andgr were determined from Hog(Cor)

Egs. (32) and (33)with Kq hs assumed to be zero in the for-
mer equation. For the purpose of determinigignyoglobin Fig. 2. Plot of the logarithm of the retention factor of myoglobin obtained
and g-lactoglobulin A were assumed to be unadsorbed at using a strong-base ion-exchange column packing (Mono Q) vs. the
pH 7.2 with 0.5M NaCl. and at pH 4.4 with 0.5 M NaCl negative logarithm of the concentration of CIThe symbols are data

: tivel S th ’ | I'. htl d'fé tf ' from isocratic experiments, the dashed curves are calculated results from
respectively. ) Ince the va ue.t@j‘was.s ightly ditterent tor the multiple charge-state model, and the numbers in the figure denote the
the two proteins used, two slightly different valuessaind pH for the calculations. pH 8.6<%); pH 8.2 (A); pH 7.7 (); pH 7.4

gr were employed. (v); PH 7.2 O).
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Fig. 3. Plot of the logarithm of the retention factor gflactoglobulin A Fig. 4. Plot of the logarithm of the retention factor of myoglobin obtained

obtained using a strong-base ion-exchange column packing (Mono Q) vs. using a weak-base ion-exchange column packing (Mono P) vs. the negative
the negative logarithm of the concentration of ClThe symbols are data logarithm of the concentration of Cl The symbols are data from isocratic
from isocratic experiments, the dashed curves are calculated results fromexperiments, the dashed curves are calculated results from the multiple
the multiple charge-state model, and the numbers in the figure denote thecharge-state model, and the numbers in the figure denote the pH for the
pH for the calculations. pH 5.5¥¥); pH 5.5 §); pH 5.2 (A); pH 4.7 calculations. pH 8.5®); pH 8.0 1); pH 7.5 ©).

(0); pH 4.6 (v); pH 4.4 ©O).

In each case the restriction placed on théntercept by
each of the relation used was ignored. Furthermore, since
the protein charge at a particular pH determined this way
was a nonlinear function of pH, the values of thegnd
(dz/dpH)p; were determined by extrapolation to zero charge
using a quadratic fit to the data.

As illustrated inFigs. 2 and 3good agreement was ob-
tained between the experimental data and the calculations

pl and (&/dpH),; were nearly independent of this parame-
ter. Since the fitted values ®p ags and K- 545 Were also
observed to be nearly inversely proportionalftdrable 1
indicates the values d€p agdf and K- 444/ f that apply in
therange < f < 1.0.

The fitting of the model to the experimental data was per-
formed by assumindlq ns to be zero, and then minimiz-
ing the sum of the squared errors between the theory and
data by adjusting the values of,{dz/dpH)y;, Kp agdf and 1
K¢i- agd f, @andn, while simultaneously solving for the Don-
nan potential for each data point usikg. (25)with pKgr
set equal to 14 to reflect the fact that Mono Q is a strong- 0.5
base ion exchanger. It was also assumedXhgt ,qswas a :
property of the column packing, and not of the protein used, ol 5.0 \5 ,
so that the same value of this parameter was employed for < \‘Q/ /
both myoglobin ang-lactoglobulin A. The data sets for the
two proteins were consequently fitted simultaneously to ar- 05
rive at the single best fitting value &f¢ - 545 The pH val-
ues indicated irFigs. 2 and 3as well as irFigs. 4 and Sf e
the next section, are averages for each data set determined A V\ 45
by directly measuring the pH in the column effluent for each 48 47
individual experiment using the on-line pH flow cell. The
actual pH used ifeqg. (29)therefore differs slightly from the 1.5
values indicated in the figures.

Table lalso illustrates results from using the SD model
[6], the model of Stahlberg and JonsghA], and the model Fig. 5. Plot of the logarithm of the retention factor pflactoglobulin A
of Sluyterman and Elgersnjis2] to fit the experimental data. obtained using a weak-base ion-exchange column packing (Mono P) vs.
For the former two models, the best straight line was fitted the nggativg Iogarithm of the concentration of Cl'he symbols are data
to the data at a particular pH according to the appropriate from |so_crat|c experiments, the dashed curves are_calcula_ted results from

. . = ~~ the multiple charge-state model, and the numbers in the figure denote the
relation, with the average ionic strength used to determine py for the calculations. pH 5.2¥): pH 5.0 (A); pH 4.8 (J); pH 4.7
an average value @& for the Stahlberg and Jénsson model. (v); pH 4.5 O).

log (k)
2
|>\
il
RS
AN
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for the multiple charge-state model using the procedures de-Table 2
scribed above. In particular, it can be seenFig. 3 that Comparison of the parameters obtgined by fitting experimental isocratic
the model is able to accurately predict retention factors for ﬁtﬁi;ﬁ; g}‘ggﬁggé”ﬁ;gngQIObu"n A on the Mono P column to the
B-lactoglobulin A when the fluid phase pH is below thie p
so that the protein in the fluid phase has the same charge¥ode! Myoglobin p-Lactoglobulin A
sign as the column packing. Although the adsorption of a pl  (dzZdpH); pl  (dzZ/dpH)y,
protein onto a column packing when both have the same
charge sign is sometimes cited as evidence of a deficiency:
in the SD mode[19], the results irfFig. 3suggest that much
o . . 0, K¢~ ags= 1.07/f, andgr = 0.78/f and 0.64f mol/l, ¢ = 0.52 and

of the ability ofﬁ—lactoglpbulm A to adsorb onto an anion g’ Kb aas= 0.103/ and 0.298] andn = 3.4 and 7.4 for myoglobin
exchanger when the fluid phase pH is below thegn be andp-lactoglobulin A, respectively. The fitted parameters indicated apply
attributed to the fact that, near thé, fnydrogen ion Don-  for f ranging from 0.1 to 1.0.
nan equilibrium causes the protein in the fluid and adsorbed
phases to have opposite charge signs. Similarly, it can bepKr was assumed ifEq. (25)to approximate the titration
seen inFig. 2that the experimental values of ldgj(plotted behavior of the Mono P column, which is reported to incor-
against logC-) exhibit significant curvature that is well  porate a mixture of quaternary and tertiary amine functional
represented by the model. Curvature of this type in exper- groups[32]. Since this crude representation resulted in con-
imental data is also sometimes cited as evidence of defi-siderably more uncertainty in determining the charge density
ciencies of the SD model, since that model predicts a linear on the column packing, and therefore more uncertainty in the
relation between log() and logCc-) [19]. Donnan potential, for the Mono P column as compared to the

Another notable trend infable 1is that the multiple Mono Q column, the data fitting procedure was simplified by
charge-state model yields values dfgnd (d&/dpH), that assuming that the valuesmwifor the two proteins were inde-
are significantly closer to the values of these parameters de-pendent of the column packing used. The values of these pa-
termined by isoelectric focusing and acid—base titrametry of rameters obtained on the Mono Q column were consequently
the protein in free solution, respectively, as compared to the used for the Mono P column and were not further adjusted.
values of these parameters obtain from the SD, SluytermanDuring the data fitting procedure it was again observed that
and Elgersma, and Stahlberg and Jonsson models. The comthe chosen value of the parametenainly affect the fitted
paratively large error obtained by the Stahlberg and Jonssorvalues ofKp a4sand K- ags @nd that the latter two param-
model is not unexpected since this model is unable to ac- eters were nearly inversely proportional to the chosen value
count for protein adsorption when the pH is near the protein of f. Table 2therefore again reports the values ks 5qdf
pl, as discussed earlier. It can also be seemable 1that and K¢ - oq¢/f that apply in the range.0 < f < 1.0.
the relative values of the adsorption constafibs,qgs for - Table 2and Figs. 4 and 5indicated that the multiple
lactoglobulin A and myoglobin are reasonable since, from charge-state model is able to fit experimental data obtained
Eq. (27) this parameter can be interpreted as the adsorptionon the Mono P column utilizing values of pnd (d/dpH)y,
constant for the uncharged form of the protein. The bind- that are reasonably close to the values of these parame-
ing of the uncharged form of a protein is likely determined ters obtained inTable 1for the Mono Q column. Many
by such factors as the protein hydrophobicity and dipole of the other trends apparent able 2and Figs. 4 and 5
moment (i.e., charge asymmetry), both of which are higher are also similar to those observed for the Mono Q column.
in value for g-lactoglobulin A than for myoglobif33,34] For example, it can again be seen for the particular case
Similarly, the relative values af and (d&/dpH)p, in Table 1 of B-lactoglobulin A that the model accurately predicts the
are reasonable sincez{dpH)y; is less in absolute value than  retention factors when the fluid phase pH is below the pro-
—2nm?1n(10)/3, and within a factor of two of that expres- tein pl so that the protein in the fluid phase has the same
sion, which is consistent with the result from the model that charge sign as the column packing, and that the curvatures
—2 m?In(10)/3 is an upper limit for (d@dpH)y;. Finally, it of the data and model calculations approximately agree. In
should be noted that ifiable 1and Figs. 2 and 3hat the general, however, the agreement between the data and the
best fit of the model calculations to the data occurred when model calculations is less for the Mono P column as com-
Donnan uptake of co-ion into the adsorbed phase was ne-pared to the Mono Q column, likely because of the higher

Multiple charge-state model 7.9 —1.77 47 —6.6

Parameters for the multiple charge-state model wete0.4, Kyt ags=

glected, i.e., wherKyz+ 54s= 0. uncertainty in determining the Donnan potential for the for-
mer column as discussed above. In addition, it can be seen
4.2. Results using the Mono P column that the value ofKp 545 Obtained on the Mono P column

is greater forg-lactoglobulin A than for myoglobin, which
Table 2andFigs. 4 and Sllustrate the fitting of experi-  again likely reflects the greater hydrophobicity and dipole
mental retention data for myoglobin apdlactoglobulin A moment of the former protein. Finally, it can be seen that
obtained on the Mono P column to the multiple charge-state the values oKp 45 for the two proteins are greater on the
model. The calculations shown were performed as describedMono P column as compared to the Mono Q column, which
above for the Mono Q column except that a value of 9.0 for likely reflects the fact that the former column is composed
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Table 3
Properties of three proteins determined from isocratic retention data and the multiple charge-state model, or reported in the literature kas ttienoted
references indicated

Protein Isoelectric focusing Acid-base titrametry Multiple charge-state model

pl (dz/dpH}, pl (dz/dpH)o; n Kp ads Kci- ads
Albumin (human serum) 5.88] —10.0[35] 5.6 -8.1 11.6 0.46 4.0
B-Lactoglobulin A (bovine milk) 5.1[30] —9.8[31] 5.1 -9.7 8.7 0.82 2.3
Ovalbumin (egg white) 4.730] —8.9[36] 5.2 —-5.2 10.9 1.11 5.1

Calculations assume there is ho Donnan uptake of co-ion.

SynChropack AX 300 column in the fully quaternized form
at the pH values of 5.0 and 6.0 with various ionic strengths
[7]. Since values fogr, «, ande for this column were not
available, these values were assumed to be the same as for
the Mono Q column described ifable 1 The results from

The approximate charge-state model was further evalu- fittin_g the data to the multiple charge-state model is shown
ated using three sets of data from isocratic experiments pub-in Fig. 7 where it can be seen that the data and theory are
lished in the literature as summarizedTiable 3 In the first N good agreement. In addition, the fitted values fbapd
data set, retention factors for human serum albumin were (dZdpH),; are consistent with the values obtained for

obtained using a Mono Q column at the pH values of 5.5 and lactoglobulin A from the Mono Q column as discussed in
6.5 with various ionic strength8]. Using the same values the previous section. For the third data set, retention factors

of polyethyleneimine, which is a relatively hydrophobic
polymer.

4.3. Additional results from previous work

of gr, @ ande as used for the Mono Q columnrable 1 the

for ovalbumin were obtained using a SynChropack Q 300

multiple charge-state model was able to fit the experimen- column at the pH values of 5.0 and 6.0 with various ionic

tal data reasonably well as shown king. 6. Furthermore,
as shown iriTable 3 the fitted values of lpand (a&/dpH)y;

strength$19]. Since SynChropak Q 300 is a strong-base ion-

exchange column packing, and because the physical proper-

are in reasonable agreement with these values determinedi€S Were again not available, the valuesief « ands were
by isoelectric focusing and acid—base titrametry of the pro- &/S0 assumed to be the same as for the Mono Q column. A
tein in free solution, respectively. In the second data set, re-comparison of the experimental data and calculations from

tention factors forg-lactoglobulin A were obtained using a the multiple charge-state model is shownfiily. 8 where
again it can be seen that the agreement is reasonably good.

Furthermore, the fitted values of pnd (d/dpH),; can be
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Fig. 6. Plot of the logarithm of the retention factor of albumin using

a strong-base ion-exchange column packing (Mono Q) vs. the negative

logarithm of the concentration of Clobtained. The symbols are data

-10g(Cer)

Fig. 7. Plot of the logarithm of the retention factor pflactoglobulin A

from isocratic experiments, the solid curves are calculated results from obtained using a strong-base ion-exchange column packing (SynChropak
the multiple charge-state model, and the numbers in the figure denote AX 300, manufactured by SynChrom) vs. the negative logarithm of the
the pH for the calculations. In the experiments the fluid phase contained concentration of Cl. The symbols are data from isocratic experiments,
20mM piperazine and 20mM bis-tris at pH 5.5 and 6.5, respectively, the solid curves are calculated results from the multiple charge-state
with various amounts of NaCl added, and the flow rate was 1.0ml/min. model, and the nhumbers in the figure denote the pH for the calculations.
pH 6.5 (A); pH 5.5 O). pH 6.0 A); pH 5.0 O).
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2 protein charge regulation is accounted for by representing
the adsorbed phase as being uniform in composition, and
then including the effects of hydrogen ion Donnan equilib-
A rium more realistically than in the original Sluyterman and
Elgersma model so that an improved theoretical descrip-
6.0 tion results for protein ion-exchange equilibrium. The new
\ model can also be considered an extension of the SD model
since, when the fluid phase pH is far from the protein p
\ the protein charge in the new model becomes identical to
ot 5.0 the “characteristic binding charge” of the SD model.
Experimental results for the case where the fluid phase
pH is near the proteinldor four proteins obtained on four
different column packings indicate that the new model, as
represented bieqg. (29) is able to fit experimental adsorp-
15 05 1 15 » tion data with the values oflpand (d/dpH),; used in that
109(Cer) eque_\tlon more _nearly equal to the values (_)f these pgrameters
’ obtained from isoelectric focusing and acid—base titrametry
Fig. 8. Plot of the logarithm of the retention factor of ovalbumin obtained of the protein in free solution, respectively, as compared to
using a strong-base ion-exchange column packing (SynChropak Q 300the values of these parameters obtained by determining the
manufactured by SynChrom) vs. the negative logarithm of the concentra- o o teristic charge from the SD model as a function of pH.
tion of CI~. The symbols are data from isocratic experiments, the solid Lo .
curves are calculated results from the multiple charge-state model, the Consequent|y7 the results indicate that when the pH is near
numbers in the figure denote the pH for the calculations, and the sym- the protein p, protein charge regulation is an important fac-
bols represent the pH. pH 6.@); pH 5.0 ©). In the experiments, the  tor which causes a discrepancy between the characteristic
fluid phases contained 20 mM piperazine at pH 5.0 and_ 6.0 with various binding charge from the SD model and the electrical charge
amount of NaCl added, and the flow rate was 0.5 ml/min. on the protein in free solution. When the pH is far froin p
the situation is likely even more complicated since the higher
seen inTable 3to again be in reasonable agreement to the re- charge on the protein, and possibly its higher charge asym-
sults obtained from isoelectric focusing and acid-base titra- metry, may cause additional deviations from the ideal behav-
tion of the protein in free solution, respectively. ior assumed in the development of the SD model. However,
this region was not considered here sifiape (29)assumes
the existence of just three charge states and therefore cannot
5. Discussion and conclusions be applied accurately over a broad pH range.
Although the results obtained in this study cannot be con-
The stoichiometric displacement model for protein ion- sidered a complete validation of the accuracybof. (29)
exchange adsorption equilibrium was introduced by Board- for describing protein ion-exchange equilibrium when the
man and Partridg@5] nearly one-half century ago, and is pH is near the proteinlpthey do suggest that this equa-
widely used even today to fit protein adsorption equilibrium tion is a useful improvement over the traditional SD model.
data. Despite its widespread use, the SD model ignores cerf+urthermore, since operation at a pH near thégs been
tain phenomena generally thought to be important in deter- reported as a means to improve the resolution of proteins
mining the ion-exchange equilibrium of proteins, such as when using ion-exchange chromatography with salt gradi-
the diffuse nature of the electrical double layer adjacent to ent elution, and since elution at a pH near the protdin p
the adsorbent surface, the asymmetric charge distribution onis necessary characteristic of ion-exchange chromatography
the protein, aggregation and unfolding of the protein, and using a pH gradient, it is also likely th&g. (29)has practi-
protein charge regulation, i.e., the change in protein chargecal uses in the design and optimization of chromatographic
caused by electrostatic effects during adsorption. Although processes for protein purification. In additidfg. (29)is a
a number of more recent studies have made progress in acuseful means for providing a characteristic binding charge
counting for many of these aspefis-11,21] only the work corrected for protein charge regulation so that other phe-
of Sluyterman and Elgersni#2] and Stahlberg and Jénsson nomena not accounted for by the SD model, such as protein
[13] appear to address quantitatively the effects of protein unfolding during adsorption, can be more easily identified.
charge regulation. Finally, due to its reliance on rigorous thermodynamic prin-
In the present study, a new model is developed which ac- ciples, Eq. (29)provides a relatively simple formalism for
counts for protein charge regulation during the ion-exchange incorporating the effect of hydrogen ion Donnan equilib-
adsorption of a dilute protein more accurately than either rium on the protein charge into recently developed molecu-
the Sluyterman and Elgersmit2] or Stahlberg and Jonsson  lar thermodynamic approaches that describe the partitioning
[13] models, particularly for the case of most interest where of a protein between two aqueous phafg, or between
the fluid phase pH is near the proteih jm the new model, an aqueous phase and a charged hydrg!

log(k')
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6. Nomenclature

ay+

|
k/
Ks

KCI*,ads
Kg

Kd,hs
KNa*,ads
KP",ads
Kp1, Kp 2
Kr

K1, K2

Plapp
qcr-

qu+
dNa*
ap

qpi

activity of the hydrogen ion

total surface area of a spherical protein
(m2/molecule)

protein surface area interacting with the
column packing A‘}, = 1/2Ap) (m?/molecule)
constant inEg. (6)

concentration of Ci in the

fluid phase (mol/l)

concentration of F in the fluid phase (mol/l)
concentration of all protein forms in the
fluid phase (mol/l)

concentration of Na in the fluid phase (mol/l)
concentration of protein formin the

fluid phase, wheré = m, 0, or —m (mol/l)
diameter of column (cm)

fraction of the entire solid material constituting
the adsorbed phase

Faraday’s constant (C/mol)

Gibbs free energy (J/mol)

ionic strength (mol/l)

retention factor

constant inEq. (1)

adsorption equilibrium constant for ClI
distribution coefficient

distribution coefficient at high salt conditions
adsorption equilibrium constant for Na
adsorption equilibrium constant for protein
formi, wherei = m, 0, or—m

dissociation constants in the multiple
charge-state model

dissociation constant for the functional
group on the column packing

dissociation constants in the Sluyterman
and Elgersma model

length of column (cm)

parameter used in the approximateharge-
state model, where = 2m + 1

total number of charge states for a protein
that exist between the and —m charge states
phase ratio

isoelectric point of a protein

pH where the distribution coefficient

equals unity

apparent pobserved in chromatofocusing
concentration of Ci in the adsorbed

phase (mol/l)

concentration of F in the adsorbed

phase (mol/l)

concentration of Na in the adsorbed

phase (mol/l)

concentration of all protein forms in the
adsorbed phase (mol/l)

concentration of protein formin the
adsorbed phase, whetre= m, 0, or —m (mol/l)

gr concentration of the functional group R in the
adsorbed phase (mol/l)

qr+ concentration of the charged form of the
functional group R in the
adsorbed phase (mol/l)

ORr.col guantity of the functional group R per unit
volume of column (mol/column)

R ideal gas constant (J/mol K)

t transit time of an eluite (s)

to the time associated with the extra-column
volume (s)

tm transit time under high salt conditions (s)

to transit time of an unretained eluite corrected
for the extra-column volumeg = 1y — p (S)

T absolute temperature (K)

Viluid linear (i.e., interstitial) fluid velocity (cm/s)

z protein charge

Greek letters

o interparticle void volume of the column

VH+ activity coefficient of H-

&€ intraparticle void volume (particle porosity)

&r dielectric constant of medium

€0 permittivity of free space (C/V m)

K inverse Debye length ()

op charge density on the protein surface is in the
bulk fluid (C/n?)

¢ dimensionless Donnan potential, equivalent to
IN(Ch+/gr+)

Vs surface potential

Superscript

* equilibrium value
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